Even though hematopoietic stem cell (HSC) dysfunction is presumed in MDS, the exact nature of quantitative and qualitative alterations is unknown. We conducted a study of phenotypic and molecular alterations in highly fractionated stem and progenitor populations in a variety of MDS subtypes. We observed an expansion of the phenotypically primitive long-term HSC (Lineage-/CD34+/CD38-/CD90+) in MDS, which was most pronounced in higher risk cases. These MDS HSC demonstrated dysplastic clonogenic activity. Examination of progenitors revealed that lower risk MDS is characterized by expansion of phenotypic common myeloid progenitors, while higher risk cases revealed expansion of granulocyte-monocyte progenitors. Genome-wide analysis of sorted MDS HSC revealed widespread methylomic and transcriptomic alterations. STAT3 was an aberrantly hypomethylated and overexpressed target that was validated by an independent cohort and found to be functionally relevant in MDS HSC. FISH analysis demonstrated that a very high percentage of MDS HSC (92%+/-4%) carry cytogenetic abnormalities. Longitudinal analysis in a patient treated with 5-azacytidine revealed that karyotypically abnormal HSC persist even during complete morphological remission, and that expansion of clonotypic HSC precedes clinical relapse. This study demonstrates that stem and progenitor cells in MDS are characterized by stage specific expansions and contain epigenetic and genetic alterations.
INTRODUCTION
Recent experimental evidence shows that cancer stem cells can exist as pools of relatively quiescent cells that do not respond well to common cell-toxic agents and thereby contribute to treatment failure 1 . Myeloid malignancies can also arise from a small population of quiescent cancer-initiating cells that are not eliminated by conventional cytotoxic therapies 2 . An improved understanding of the molecular pathways that regulate these disease-initiating stem cells is required for the development of future targeted therapies. Even though there is increasing evidence of the existence of leukemia-initiating stem cells from various murine models, there is less known about stem cell alterations in myelodysplastic syndromes (MDS), particularly in humans. While it is assumed that MDS is a "stem cell disease", hard evidence for this claim is still lacking, and stem and progenitor alterations in MDS patients have not yet been defined. Furthermore, even though chromosomal abnormalities, mutations, and epigenetic changes are seen in MDS progenitors, the earliest cellular stages at which pathogenic events occur have not been determined. Some studies in MDS have focused on the subset of patients with chromosomal 5q deletion (5q-) and have shown that stem cells in MDS harbor the deletion [3] [4] [5] . A recent study also showed that these cells persist in the bone marrow of patients with 5q-during lenalidomide treatment and can be predictive of relapses 3 . The 5q subset only involves 5-10% of MDS cases and an analysis of stem and progenitor populations is warranted in other subtypes of the disease. In an attempt to answer these questions we conducted a study of stem and progenitor populations in a variety of MDS subtypes. Our results reveal that primitive stem cell compartments (phenotypic longterm (LT) HSC and short-term (ST) HSC) have striking alterations in DNA methylation and harbor karyotypic abnormalities that persist even in the presence of a morphological and cytogenetic remission. Furthermore, we observe an expansion of common myeloid progenitor (CMP) or granulocyte monocyte progenitor (GMP) populations that correlate with low and high risk subtypes of MDS, respectively, and illustrate the cellular level of the differentiation arrest seen in MDS. These findings demonstrate the existence of a pool of genetically and epigenetically abnormal stem cells in MDS that may lead to the development of multi-lineage cytopenias which are the hallmark of this disease.
For personal use only. on July 15, 2017 . by guest www.bloodjournal.org From RESULTS MDS bone marrow shows disease stage-dependent expansion of distinct stem and progenitor cell compartments: We and others have previously utilized protocols to isolate phenotypically defined long-term hematopoietic stem cells (LT-HSC), short-term hematopoietic stem cells (ST-HSC), common myeloid progenitors (CMP), granulocyte-monocyte progenitors (GMP), and megakaryocyteerythrocyte progenitors (MEP) from primary bone marrow aspirates of patients with myeloid malignancies 2, [6] [7] [8] [9] . Our flow-based assays include stringent lineage depletion as a strategy to exclude blasts and other more differentiated cell types and has been shown to be successful in identifying cellular and transcriptional aberrations in the most immature stem and progenitor cells in mouse and human leukemias 8, 9 . Here, we used this sorting strategy in MDS and compared 17 primary bone marrow samples from untreated MDS patients to 16 healthy controls (clinical characteristics in Table  1 ) (see Suppl. Fig. 1 for sorting/gating strategy). MDS patients were divided into lower risk (Low/Int-1 IPSS scores, N=8) and higher risk disease (Int-2/High risk based on IPSS scoring, N=9) based on their risk of leukemic transformation and overall patient survival 10 . We observed an expansion of the stem cell compartment (Lin-/CD34+/CD38-) that was significant in higher risk subtypes of MDS. (Fig.  1A,B) . This increase was mainly due to the significant expansion of the phenotypic primitive LT-HSC (Lin-/CD34+/CD38-/CD90+) in MDS bone marrows as compared to healthy controls (Fig. 1C) . Examination of committed progenitor populations in these patients revealed that lower risk MDS is characterized by specific expansion of the phenotypic CMP compartment, possibly pointing to a differentiation block at this cellular level (Fig. 1D ,E). Patients with higher risk MDS on the other hand showed a significant expansion of the GMP compartment, and a relative decrease of the MEP compartment (Fig. 1D,E) . The expansion of phenotypic GMP varied considerably between patients, ranging up to 90% in two patients, which is reflective of the heterogeneity of the disease. This skewed expansion of the GMP compartment in MDS samples with higher risk of leukemic transformation is consistent with recent reports that show that acute myeloid leukemia is characterized by an expansion of and can originate from GMP-like stem cells 2, 11, 12 .
Stem and progenitor compartments in MDS are enriched for cytogenetically and functionally abnormal cells: We next tested the functional ability of MDS HSC in clonogenic assays. We have previously shown that bone marrow-derived CD34+ MDS cells have reduced clonogenic capacity in vitro 13, 14 , and we now studied the clonogenic capacity of sorted Lin-/CD34+/CD38-MDS HSC. We observed that these highly fractionated MDS HSC derived from four patients with MDS (2 High and 2 Int-2 score by IPSS) have significantly reduced clonogenic potential when compared to healthy control HSC ( Fig. 2A) , and that they give rise to bilobed, Pelger-Heut like myeloid progenitors that mimic the dysplastic cells seen in MDS patients in vivo (Fig. 2 B,C) . Importantly, we found that the majority of the cells forming these dysplastic colonies harbor clonotypic cytogenetic alterations (98% and 88% of the cells in samples from two patients with 7q-) demonstrating that they were part of the abnormal clone (Fig. 2 D,E) . This finding shows that the earliest phenotypically definable HSC in MDS already carry clonotypic aberrations, and that while they can differentiate to a certain extent in vitro, the efficiency is greatly impaired and leads to formation of dysplastic cells.
To determine whether all stem and progenitor compartments included karyotypically abnormal cells, and to quantify the clone size within each compartment in comparison to unfractionated bone marrow, we performed fluorescence in situ hybridization (FISH) analysis on sorted cells using probes specific for the unique alterations in these patients. Interestingly, we observed that HSC in MDS are enriched for abnormal cells (mean percentage of abnormal cells 92%+/-4% (mean +/-s.e.m)) and have a significantly higher percentage of clonotypic cells when compared to whole bone marrow aspirates, which are commonly used for FISH studies in a clinical setting (Fig. 2 F,G and Table 2 ). This enrichment was seen in cases of both higher and lower risk MDS (based on IPSS) (Table 2) , including cases with loss of chromosome 7 (Example of MDS HSC shown in Fig. 2 F) as well as deletion of the long arm of chromosome 20 (20q-), two abnormalities that have not been previously shown to be present and enriched in the earliest stem cells in MDS. Furthermore, FISH analysis showed that in For personal use only. on July 15, 2017. by guest www.bloodjournal.org From comparison to whole bone marrow, chromosomal deletions are significantly enriched in all examined stem and progenitor compartments, including the expanded ones, demonstrating that these populations are part of the MDS clone (Fig. 2 G) .
Stem cells in MDS are characterized by widespread alterations in DNA cytosine methylation:
Alterations in DNA cytosine methylation have been shown to exist in CD34+ marrow cells 15 as well as in whole marrow aspirates 16 of patients with AML and MDS, but have not been examined in the earliest phenotypic stem cells. To determine the epigenetic makeup of earliest stem cells in MDS, we devised a modification of the HpaII tiny fragment enrichment by ligation-mediated PCR assay that allows us to conduct genome wide analysis from very limited amounts of cells and DNA (nano-HELP assay) 17 . The nano-HELP assay was done on sorted stem cells from two MDS patients (Higher and Lower risk) and compared to the respective stem cell populations of three healthy controls. We observed that MDS HSC clustered separately from healthy control HSC revealing striking epigenetic differences between these samples (Fig. 3 A, Supp. Fig 3) . Qualitative analysis revealed that both aberrant hyper-and hypomethylation were seen in MDS Lin-CD34+CD38-stem cells (Fig. 3 B) .The findings of the HELP assay were validated by MassArray bisulfite analysis of selected loci (Supp. Fig.  4 ). Functional pathways associated with cancer, gene expression and cell division were affected by aberrant methylation, and many genes not previously implicated in MDS pathobiology were found to be hypermethylated (e.g. DLL3, RET, NOTCH4) or hypomethylated (e.g. NOTCH1, NANOG, HDAC4) in MDS stem cells (Table 3 ). These data provide the first evidence of epigenetic alterations in early HSC in MDS.
Expression profiling reveals transcriptional alterations and functionally relevant overexpression of STAT3 in MDS HSC:
We also determined the transcriptional alterations in sorted MDS HSC from two patients and compared them to 3 healthy controls. Gene expression analysis revealed differences between MDS and healthy HSC utilizing unsupervised clustering analysis. However, the differences were less striking than those in DNA cytosine methylation (Fig. 4 A, B , Supp. Fig. 5 ). Interestingly, a higher proportion of genes were overexpressed in MDS stem cells, including "cell cycle" and "cancer" as the top two affected pathways as identified by Ingenuity pathway analysis (Table 4) . Even though the MDS samples used for methylome and transcriptome studies were from different patients, we observed that there were 9 genes that were consistently hypomethylated and overexpressed (STAT3, WDR5, OBFC2B, SKA3, HEXA, CIAPIN1, VRK3, CHAF1B, RANBP1) in MDS HSC. As STAT3 was significantly overexpressed and hypomethylated we examined the expression of STAT3 in CD34+ cells of an independent large cohort of MDS patients (N= 183). 18 We observed that STAT3 was significantly overexpressed in MDS CD34+ cells (Fig. 4 C ) and subset analysis revealed that elevation of STAT3 was seen in all subsets of MDS (P value < 0.0001, t test) (Fig. 4 D) , demonstrating the validity of our genomic analysis on sorted MDS HSC. To test whether STAT3 overexpression in MDS HSC is functionally relevant, we assessed the clonogenic capacity of MDS HSC upon inhibition of STAT3. We utilized two cell-permeable SH2 domain-targeting STAT3 inhibitors, STAT3 Inhibitor V (Stattic) and STAT3 Inhibitor VI (S3I-201), which have previously been shown to specifically inhibit cellular STAT3 phosphorylation [19] [20] [21] . Treatment of primary CD34+ BM-MNC with these inhibitors resulted in reduced levels of phospho-STAT3 (pSTAT3) (Fig. 4 E) . In comparison to DMSO-treated cells pSTAT3 levels were reduced by 2.5-fold (59%) and by 16.4-fold (94%) upon treatment with STAT3 Inhibitor V and STAT3 Inhibitor VI, respectively, (Fig. 4 E) . Next, we evaluated the clonogenic capacity of sorted CD34+CD38-Lin-HSC from the bone marrow of three patients with MDS and two healthy controls after STAT3 inhibition. Compared to colony formation of DMSO-treated HSC, treatment with STAT3 Inhibitors V or VI led to a dose-dependent reduction of MDS HSC-derived colonies by up to 82±9% (p<0.01, TTest) for Inhibitor V, and 83±13% (p<0.01, TTest) for Inhibitor VI (Fig. 4 F) . Consistent with previous reports [22] [23] [24] , colony formation of healthy HSC was moderately inhibited after treatment with STAT Inhibitor V (by 45±15%; p<0.01, TTest) and VI (28±15%; p<0.05, TTest) (Fig. 4 F) . However, MDS patient-derived HSC were significantly more sensitive to STAT3 inhibition than healthy control HSC (p<0.05 for Inhibitor V, and p<0.01 for Inhibitor For personal use only. on July 15, 2017. by guest www.bloodjournal.org From VI, TTest) (Fig. 4 F) . Sensitivity of MDS HSC to STAT3 inhibition was also reflected by phenotypic changes seen in colony-forming assays (Fig. 4 
G).
Cytogenetically abnormal stem cells persist in azacytidine/vorinostat treatment responders and can predict relapse: After having found that HSC in MDS harbor cytogenetic and epigenetic alterations, we decided to examine their clinical significance and assess their dynamics in a patient treated with combination epigenetic therapy (DNMT inhibitor 5-azacytidine and HDAC inhibitor vorinostat) as part of the New York Cancer Consortium 6898 trial 25 . The patient had RAEB with 10% marrow myeloblasts at diagnosis and had an expanded HSC compartment (60% vs. mean of 25% seen in controls, percentages relative to total Lin-/CD34+ cells) at baseline. Treatment led to a decrease of blasts and a striking decrease in cells with monosomy 7 as detected by FISH in whole bone marrow cells (Fig. 5 , lower panel, blue and green lines). Interestingly, even when the patient was in a morphological marrow remission and had resolution of anemia, the expanded HSC (Lin-/CD34+/CD38-) compartment only moderately declined (from 60% to 49%), and continued to harbor a very high percentage of cells with monosomy 7 (FISH showing 97% cells with -7). Strikingly, morphological relapse in this patient was preceded by a re-expansion of the HSC compartment (from 49% to 87%) by 2 months (Fig. 5 , red arrow). These observations parallel the stem cell changes that have been recently observed in 5q-MDS treated with lenalidomide 3 . These results show for the first time that DNMT inhibitors and HDAC inhibitors do not lead to eradication of clonally abnormal HSC in MDS, even upon a very good morphological remission and hematologic recovery.
DISCUSSION
Myelodysplastic syndromes are clonal hematopoietic neoplasms that remain incurable with existing non-transplant therapies. Previous studies have hinted at a pathological involvement of stem cells in MDS by showing that phenotypic HSC carry the 5q deletion within this subset of patients [3] [4] [5] . In the present study we demonstrate that a high proportion of the phenotypically most immature HSC harbor karyotypic abnormalities including MDS patients with both favorable (chr 20q) and unfavorable (chr 7) deletions 26 . We moreover demonstrate that these stem cells from patients with MDS are functionally deficient and give rise to dysplastic cells. Interestingly, we found that the relative clone size is greater in immature stem and progenitors in comparison to total bone marrow. This is consistent with the idea that the clonotypic stem cells only produce limited and dysfunctional progeny in vivo. Our observation furthermore suggests that detection of cytogenetically aberrant clones by FISH may have a higher sensitivity in sorted stem cells as compared to whole bone marrow samples routinely collected in the clinical setting. Furthermore, we show stage-specific alterations in stem and progenitor cell numbers in MDS. Specifically, we observe an expansion of the LT-HSC compartment and GMP progenitor compartments in patients with higher risk MDS. The expansion of the GMP compartment is consistent with recent reports that have shown that AML is characterized by GMP-like cancer initiating stem cells 12 . Thus it is conceivable that these changes occur before the onset of frank leukemia and can thus be seen in higher risk MDS. Furthermore, the demonstration of expansion of progenitors with CMP like phenotype in lower risk MDS is the first description of stem and progenitor alterations in lower risk disease and suggest that this may reflect the level of the differentiation block present in these earlier stages of the disease.
Additionally, we show that the clonally abnormal HSC persist even when the patient is in a complete morphological remission after epigenetic therapy with 5-azacytidine and vorinostat. Moreover, we show that the HSC compartment expands before an overt relapse. Analysis of the HSC compartment in MDS could therefore potentially be utilized as a strategy to monitor minimal residual disease, and could also be used as a biomarker for the development of (stem cell-) targeted therapeutic approaches. Our observations are in line with a recent study that correlated persistence of HSC with the 5q-abnormality with relapse after lenalidomide treatment 3 . Our findings represent the first demonstration of this phenomenon in a 5-azacytidine treated patient. 5-azacytidine is an effective For personal use only. on July 15, 2017. by guest www.bloodjournal.org From agent that improves overall survival in MDS patients, but is unable to cure these patients and is associated with a high rate of relapse 27 . It is possible that the inability of 5-azacytidine to eliminating clonally abnormal HSC may be a potential reason for relapses.
Lastly, we show that in addition to karyotypic abnormalities, stem cells in MDS exhibit widespread alterations in DNA methylation, and also in gene expression. Previous studies have shown an abundance of hypermethylation in CD34+ selected or whole bone marrow cells in MDS. By optimizing the HELP assay, we were able to work with limited amounts of DNA and were able to show that both aberrant hypo-and hypermethylation occurs in the earliest phenotypic HSC in MDS. Our results suggest that specific target genes are genetically and epigenetically deregulated in early stem and progenitor cells in MDS, which may make these cells therapeutically targetable. Recent studies have also revealed that DNA methylation does not correlate perfectly with gene expression, and may serve as a potential mechanism for marking differentiation and pluripotency genes and poising them for expression regulation during later stages of hematopoietic differentiation [28] [29] [30] [31] . Our finding of differentially methylated loci in MDS HSC reveals that epigenetic dysregulation in MDS can also be seen in the most primitive phenotypic cells. Of note, our data exemplarily demonstrate the functional relevance of increased STAT3 at the stem cell level, and provide a list of candidate genes for further functional studies and which may be utilized for the development of stem cell-directed therapies in MDS.
Taken together, our findings reveal widespread cytogenetic, epigenetic and transcription alterations in MDS HSC, demonstrate the functional and clinical significance of the aberrant immature cell compartments, and suggest that these abnormal stem and progenitor cells should be a focus of future curative therapeutic approaches in MDS.
METHODS
Patient samples. Specimens were obtained from 17 patients diagnosed with MDS and controls after signed informed consent in accordance with the Declaration of Helsinki approved by the Albert Einstein College of Medicine and Moffitt Cancer Center Institutional Review Boards. MDS subtypes included RCMD (refractory cytopenias with multilineage dysplasia), RA (refractory anemia), RAEB (Refractory anemia with excess blasts) and CMML (chronic myelomonocytic leukemia) 32 . Genomic DNA was extracted by a standard phenol-chloroform protocol followed by an ethanol precipitation and resuspension in 10 mMTris-HCl pH 8.0. Total RNA was extracted using an RNeasyMicro kit from Qiagen (Valencia, CA) and subjected to amplification using the MessageAmp II aRNAkit from Ambion (Foster City, CA).
Reagents. Signal transducer and activator of transcription (Stat)3 inhibitors, STAT3 Inhibitor V (Stattic) and STAT3 Inhibitor VI S3I-201 were purchased from Calbiochem (EMD Chemicals, San Diego, CA). Inhibitors were dissolved in DMSO at 40mM (Inhibitor V) and 5mM (Inhibitor VI) stored light-protected at 4°C (Inhibitor V) and -20°C (Inhibitor VI).
Cell Culture. Primary human hematopoietic cells were cultured at 37°C, 5% CO2 for 24 to 48 hours in serum-free stem cell culture media (Cellgenix Inc., Freiburg, Germany) supplemented with 50 ng/mL recombinant human (rh) stem cell factor (rhSCF), 5 ng/mL rh interleukin 3 (rhIL-3) and 5 ng/mL rh interleukin-6 (rhIL-6)(all cytokines were purchased from PeproTech, Rocky Hill, NJ).
High-speed multi-parameter fluorescence-activated cell sorting (FACS). Mononuclear cells were isolated from bone marrow aspirates by density gradient centrifugation and then subjected to immunomagnetic enrichment of CD34+ cells (Miltenyi Biotech, Germany). CD34+ cells were stained with PE-Cy5 (Tricolor)-conjugated monoclonal antibodies against lineage antigens (CD2, CD3, CD4, CD7, CD10, CD11b, CD14, CD15, CD19, CD20, CD56, Glycophorin A; all purchased from BD Biosciences, San Diego, CA) as well as fluorochrome-conjugated antibodies against
(eBioscience). Cells were analyzed and sorted on a Becton Dickinson FACSAriaII special order system equipped with 4 lasers (407nm, 488nm, 561/568nm, 633/647nm). Based on established surface marker characterization, we distinguished and sorted LT-HSC (Lin-, CD34+, CD38-, CD90+), ST-HSC (Lin-, CD34+, CD38-, CD90-), CMP (Lin-, CD34+, CD38+, CD123+, CD45RA-), GMP (Lin-, CD34+, CD38+, CD123+, CD45RA+) and MEP (Lin-, CD34+, CD38+, CD123-, CD45RA-). 8, 9 Relative percentages of LT-HSC and ST-HSC were calculated and expressed as ratios of cells in the individual stem cell gates devided by the number of all HSC (Lin-CD34+CD38-). Relative percentages of CMP, GMP, and MEP were calculated and expressed as ratios of the numbers in the individual progenitor gates divided by the number of all myeloid progenitor subtypes combined. Small aliquots of the cells were sorted into special serum-free stem cell culture media (Cellgenix Inc.) containing recombinant cytokines (IL-3, IL-6, SCF, Tpo, Flt3L) for subsequent functional confirmation of the sorted cells from healthy controls. A portion of the cells were sorted directly into DNA or RNA extraction buffers to isolate nucleic acids from the different subpopulations. To assess the phosphorylation status of STAT3, we performed flow cytometric phosphoprotein analysis as we have previously described 33 . In brief, cells were grown in liquid culture and treated with STAT3 Inhibitor V, or STAT3 Inhibitor VI for 36 hours at 37°C. Cells were fixed and permeabilized using BD Cytofix Fixation Buffer and BD Phosphoflow Perm Buffer III (BD Biosciences) and then stained with Pacific Blue anti-pStat3 (pY705, BD Biosciences) at a 1:5 dilution. Cells were analyzed with a BD FACSAriaII Special Order system (BD Biosciences). pSTAT3 levels were quantified by calculating fold changes of the median fluorescence intensity (MFI) of inhibitor-treated cells compared to DMSO-treated cells.
Methylcellulose Assays. CMP, GMP, and MEP were tested in methylcellulose assays to confirm their clonogenic potential, as performed before 8,9,13,14 (see Supp. Fig. 2A,B) . FACS sorted HSC (CD34+CD38-Lin-) were plated in a concentration of 5,000 cells/mL into semisolid medium (H4434 GF+; Stem Cell Technologies, Vancouver, BC) and cultured according to the manufacturer's recommendation. After 12 days of culture, formed colonies were scored, cells were isolated from the plates and cytospun on microscopic slides. Cytospun cells were dried for at least two hours at room temperature and stained with DiffQuick solution according to the manufacturer's recommendation (IMEB Inc., San Marcos, CA). Cell morphology was evaluated using an inverted microscope (Zeiss Axioplan; Zeiss Optics Chester, VA). To assess STAT3 inhibition, sorted Lin-CD34+CD38-HSC were plated in concentrations ranging from 500-5,000 cells/mL into cytokine-containing, semisolid medium (H4434 GF+; Stem Cell Technologies, Vancouver, BC) supplemented with 40μg/mL human lowdensity lipoproteins (Sigma-Aldrich) in technical duplicates. STAT3 Inhibitor V and STAT3 Inhibitor VI were added to the medium via 100x dilutions. After twelve days of culture in a humidified chamber at 37°C, 5% CO 2 , colonies were scored using an inverted microscope (Zeiss Axioplan; Zeiss Optics Chester, VA).
DNA methylation analysis by nano-HELP.
The nano-HELP assay was carried out as previously published 17 . Intact DNA of high molecular weight was corroborated by electrophoresis on 1% agarose gel in all cases. Genomic DNA was digested overnight with either HpaII or MspI (NEB, Ipswich, MA). On the following day the reactions were extracted once with phenol-chloroform and resuspended in 11 µL of 10 mM Tris-HCl pH 8.0 and the digested DNA was used to set up an overnight ligation of the HpaII adapter using T4 DNA ligase. The adapter-ligated DNA was used to carry out the PCR amplification of the HpaII and MspI-digested DNA as previously described 34 . Both amplified fractions were submitted to Roche-NimbleGen, Inc. (Madison, WI) for labeling and hybridization onto a human hg17 custom-designed oligonucleotide array (50-mers) covering 25,626 HpaII amplifiable fragments (HAF) located at gene promoters. HpaII amplifiable fragments are defined as genomic sequences contained between two flanking HpaII sites found within 200-2,000 bp from each other. Each fragment on the array is represented by 15 individual probes distributed randomly spatially across the microarray slide. Thus the microarray covers 50,000 CpGs corresponding to 14,000 gene promoters.
For personal use only. on July 15, 2017. by guest www.bloodjournal.org From Microarray quality control. All microarray hybridizations were subjected to extensive quality control using the following strategies. First, uniformity of hybridization was evaluated using a modified version of a previously published algorithm 35 adapted for the NimbleGen platform, and any hybridization with strong regional artifacts was discarded and repeated. Second, normalized signal intensities from each array were compared against a 20% trimmed mean of signal intensities across all arrays in that experiment, and any arrays displaying a significant intensity bias that could not be explained by the biology of the sample were excluded. All microarray data are available at the Gene Expression Omnibus (GEO) database under accession number GSE38955.
HELP data processing and analysis. Signal intensities at each HpaII amplifiable fragment were calculated as a robust (25% trimmed) mean of their component probe-level signal intensities. Any fragments found within the level of background MspI signal intensity, measured as 2.5 meanabsolute-differences (MAD) above the median of random probe signals, were categorized as "failed." These "failed" loci therefore represent the population of fragments that did not amplify by PCR, whatever the biological (e.g. genomic deletions and other sequence errors) or experimental cause. On the other hand, "methylated" loci were so designated when the level of HpaII signal intensity was similarly indistinguishable from background. PCR-amplifying fragments (those not flagged as either "methylated" or "failed") were normalized using an intra-array quantile approach wherein HpaII/MspI ratios are aligned across density-dependent sliding windows of fragment size-sorted data. The log2(HpaII/MspI) was used as a representative for methylation and analyzed as a continuous variable. For most loci, each fragment was categorized as either methylated, if the centered log HpaII/MspI ratio was less than zero, or hypomethylated if on the other hand the log ratio was greater than zero.
Gene expression profiling. RNA integrity was corroborated with the Agilent Bioanalyzer 2100. RNA (100ng/µl; 3µl) was submitted to the Genomics Facility, Albert Einstein College of Medicine for gene expression studies using the Human Affymetrix U133 2.0 arrays.
Microarray data analysis.
Unsupervised clustering of HELP data by hierarchical clustering was performed using the statistical software R version 2.6.2 . A two-sample T-test was used for each gene to summarize methylation differences between groups. Genes were ranked on the basis of this test statistic and a set of top differentially methylated genes with an observed log fold change of >1 between group means was identified. Genes were further grouped according to the direction of the methylation change (hypomethylated versus hypermethylated in MDS HSC), and the relative frequencies of these changes were computed among the top candidates to explore global methylation patterns. Functional pathway analysis was performed by Ingenuity Pathway Tool.
Fluorescence in situ hybridization (FISH) of sorted hematopoietic stem and progenitor populations. Target slides were prepared by directly sorting stem and progenitor populations into a drop of 1x PBS onto poly-lysine-coated slides. The cell suspensions on the slides were immediately air-dried; afterwards the cells were fixed in Carnoy's solution. The following dual color probes (Abbott Molecular, IL, USA) were used to detect monosomy 7 / 7q deletions, 5q deletions and 20q deletions: LSI D7S522 (7q31) SpectrumOrange / CEP7 SpectrumGreen, EGR-1 SpectrumOrange / D5S721/ D5S23 SpectrumGreen, D20S108 SpectrumOrange / TEL20p SpectrumGreen. FISH has been performed according to the manufacturer's instructions. Cells were counterstained with 4',6-diamidino-2-phenylindole (DAPI) and examined on a Zeiss Axioplan 2 fluorescence microscope.The frequency of false positive signal loss for the used FISH probe was established by hybridization to cytospin preparations of normal hematopoietic stem, progenitor populations and myeloblasts and ranged from 5-10%. For the purpose of this study the cut-off value for true signal loss, corresponding to monosomy 7/7q deletion, was set at >20%, after scoring 100 nuclei per slide. AKT1S1, CDC16, CDC25B, CDK3, CHAF1B, DTX1, EIF4EBP1,  ERBB3, FGFR1, FZR1, GALNT14, GATA4, GRLF1, GRWD1,  ITM2C, MUC4, MUC5AC, NOTCH1, PARD3, RPS6KA4, TBX5,  TFDP1, TFF1, TP53BP2, TRIM24, Quantification of phenotypical long-term (LT-HSC) and short term (ST-HSC) HSC in healthy control patients (n=16), lower risk (n=8) and higher risk (n=9) MDS patients (TTest, * P< 0.05, **P<0.005) (C). Representative samples of one lower and two higher risk MDS patients and a healthy control patient. Shown are FACS analyses of CD123 and CD45RA expression on viable, lineage marker negative CD34+ CD38+ bone marrow mononuclear cells defining myeloid populations (common myeloid progenitor (CMP, red), megakaryocyte/erythrocyte progenitor (MEP, blue), granulocyte/monocyte progenitor (GMP, green) (D). Quantification of phenotypical myeloid progenitors in healthy control patients (n=16), lower risk (n=8) and higher risk (n=9) MDS patients showing a significant expansion of the CMP compartment in patients with lower risk MDS, and significant expansion of the GMP compartment, and significant reduction of the MEP compartment in higher risk MDS (TTest, * P< 0.05, **P<0.005, respectively) (E). 
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